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Human Hsp70 molecular chaperone binds two calcium ions
within the ATPase domain
M Sriram1, J Osipiuk1, BC Freeman2, RI Morimoto2 and A Joachimiak1,2
Background: The 70 kDa heat shock proteins (Hsp70) are a family of molecular
chaperones, which promote protein folding and participate in many cellular
functions. The Hsp70 chaperones are composed of two major domains. The
N-terminal ATPase domain binds to and hydrolyzes ATP, whereas the C-terminal
domain is required for polypeptide binding. Cooperation of both domains is
needed for protein folding. The crystal structure of bovine Hsc70 ATPase
domain (bATPase) has been determined and, more recently, the crystal structure
of the peptide-binding domain of a related chaperone, DnaK, in complex with
peptide substrate has been obtained. The molecular chaperone activity and
conformational switch are functionally linked with ATP hydrolysis. A high-
resolution structure of the ATPase domain is required to provide an
understanding of the mechanism of ATP hydrolysis and how it affects
communication between C- and N-terminal domains.
Results: The crystal structure of the human Hsp70 ATPase domain (hATPase)
has been determined and refined at 1.84 Å, using synchrotron radiation at 120K.
Two calcium sites were identified: the first calcium binds within the catalytic
pocket, bridging ADP and inorganic phosphate, and the second calcium is tightly
coordinated on the protein surface by Glu231, Asp232 and the carbonyl of
His227. Overall, the structure of hATPase is similar to bATPase. Differences
between them are found in the loops, the sites of amino acid substitution and the
calcium-binding sites. Human Hsp70 chaperone is phosphorylated in vitro in the
presence of divalent ions, calcium being the most effective.
Conclusions: The structural similarity of hATPase and bATPase and the
sequence similarity within the Hsp70 chaperone family suggest a universal
mechanism of ATP hydrolysis among all Hsp70 molecular chaperones. Two
calcium ions have been found in the hATPase structure. One corresponds to the
magnesium site in bATPase and appears to be important for ATP hydrolysis and
in vitro phosphorylation. Local changes in protein structure as a result of calcium
binding may facilitate phosphorylation. A small, but significant, movement of
metal ions and sidechains could position catalytically important threonine
residues for phosphorylation. The second calcium site represents a new calcium-
binding motif that can play a role in the stabilization of protein structure. We
discuss how the information about catalytic events in the active site could be
transmitted to the peptide-binding domain. 
Introduction
The synthesis of a large family of heat shock proteins
(hsp) occurs in response to many stimuli. Under ‘stress’,
the synthesis of cellular proteins is suppressed and only
hsp proteins are made in large quantities [1–3]. A number
of hsp proteins are molecular chaperones that are also
essential under normal cellular conditions. Metal ions and
a calcium ionophore are among the stimuli that affect the
transcription of some chaperone proteins [4–7]. In addi-
tion, these proteins need metal ions for ATP binding and
hydrolysis, and for chaperone activity. For example, the
Hsp70 family of molecular chaperones require specific
monovalent and divalent metal ions for ATP binding and
hydrolysis [8–11]. ATP hydrolysis is coupled with Hsp70
molecular chaperone function, which is important in
protein synthesis [12,13], protein folding [13–15], protein
translocation [16–19], uncoating of clathrin coated vesicles
[5], protein degradation [20] and modulation of protein
expression [21,22]. Calcium-dependent autophosphoryla-
tion in vitro has been reported for proteins in the Hsp70
family [9,23–25], but its role in vivo remains unclear.
In humans, the Hsp70 chaperone family consists of four
members: the stress and growth regulated Hsp70 [26]; the
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abundant and constitutively expressed heat shock cognate
protein Hsc70 [27] (Hsp70 and Hsc70 are present in 
both cytosol and nucleus); the profuse, ER-localized
Grp78 (BiP) [8]; and the abundantly expressed mitochon-
drial MtHsp75 [28]. The synthesis of Hsp70, Grp78 and
MtHsp75 proteins can be further induced in response to a
specific stress [29].
Human Hsp70 chaperone is a 640 amino acid protein com-
posed of two major domains. The 44kDa, 388 amino acid,
N-terminal domain binds and hydrolyzes ATP, whereas
the C-terminal domain is required for binding peptides
and folding non-native polypeptides. The C-terminal
domain can be divided into two functionally relevant 
subdomains, an 18kDa peptide-binding domain and a
10kDa C-terminal domain that contains the Glu-Glu-Val-
Asp (EEVD) regulatory motif [30]. It has recently been
shown that the EEVD motif of the human Hsp70 molecu-
lar chaperone regulates ATP hydrolysis [30], and that it
interacts with substrates and the co-chaperone, HDJ-1
[31]. Communication between Hsp70 domains appears to
be an important component of Hsp70 molecular chaper-
one activity [30,32]. 
Human Hsp70 and bovine Hsc70 share sequence and
function similarity. Several high-resolution crystal struc-
tures of the bovine Hsc70 ATPase domain (bATPase)
including those of important point mutants, have been
determined and refined [10,11,33,34]. The bATPase struc-
ture reveals a two-subdomain fold, with ATP/ADP sand-
wiched between the subdomains. The position of a
nucleotide and three metal ions (one magnesium and two
potassium) have been determined. More recently, the
crystal structure of the peptide-binding domain of the
chaperone DnaK in complex with peptide substrate has
been determined [35]. These structures provide an initial
framework for mechanistic, functional and structural analy-
sis. Within the large family of Hsp70 chaperones there 
is remarkable diversity, and more structural studies are
needed to understand the functions and interactions of
these proteins. Here, we report the high-resolution crystal
structure of the human Hsp70 ATPase domain obtained in
the presence of calcium and the identification of a new
calcium-binding motif. 
Results and discussion
Structure determination 
Crystals of a 41.9kDa human Hsp70 ATPase domain suit-
able for high-resolution X-ray diffraction studies were
obtained from crystallization setups containing full length
Hsp70 protein, CaCl2 and g-S-ATP. Orthorhombic crystals
(space group P212121, unit cell parameters a=145.47Å,
b=63.34Å, c=45.95Å, a=b=g=90°) diffract X-rays to at
least 1.3Å resolution using synchrotron radiation. Structure
determination was carried out by molecular replacement
using X-PLOR version 3.1 [36] and bATPase (obtained
from the Brookhaven Protein Data Bank, PDB code 1atr)
was used as a starting model. Data statistics are shown in
Table 1. Freezing of the crystal to 120K caused the unit
cell dimensions to contract, but contractions were not
uniform in all directions. The largest change, 2.6% (3Å) of
the unit cell, was observed along the b axis, an intermedi-
ate change was seen along the c axis (2.1%, 1Å), with
almost no change observed along the a axis (0.1%). The
changes observed by Wilbanks et al. [11] upon freezing of
the bATPase are more uniformly distributed: 2% along the
b axis, 1.3% along the a axis and 1.5% along the c axis.
This anisotropy may reflect sequence differences that
affect the interaction of protein molecules in the crystal or
a difference in cryoprotectant and freezing procedure.
The quality of the electron-density map was very high
(Fig. 1), as a result of high resolution and the complete-
ness of data. This allowed the determination of sidechain
positions (e.g. Lys77, Tyr137 and Arg264) that could not 
be determined in the 1.70Å bovine structure (PDB code
1hpm). The hATPase protein sequence mutations (as
derived from the sequence of the gene) in well ordered
regions of the protein were found directly from the X-ray
data. Isoleucine was identified at position 7 instead of
valine. This substitution was confirmed by the direct
sequencing of protein from a crystal. Alignment of Hsp70
sequences shows that this position is interchangeably
valine or isoleucine. An identical valine to isoleucine sub-
stitution was also found at position 18. In the Hsp70 family,
valine is highly conserved in this position, where pheny-
lalanine, leucine or isoleucine are infrequently found. The
mutant protein used in this study showed virtually identi-
cal ATPase and protein-folding activity to a previous
Hsp70 preparation (our unpublished observations). The
relevance of these substitutions to the structure will be dis-
cussed later. The Ramachandran plot confirms the high
quality of the structure and shows that 91.4% of non-
glycine residues are in most favored regions with the
remaining residues in the preferred regions. The averaged
isotropic temperature factor for all protein atoms is 17.1Å2.
This is significantly lower than that (32.6Å2) determined
for the room temperature structure of bATPase (PDB code
3hsc) [11,33] and is closer to that of bATPase structure
determined at 100K (13.3Å2; PDB code 1hpm) [10]. Data
collection at 120K clearly lowered the dynamic disorder in
the crystal; however, static disorder remains a factor,
because several sidechains in loop regions are less well
defined in hATPase (regions 22–24, 188–190 and 213–215
and residue 250). The products of ATP hydrolysis, ADP
and inorganic phosphate (Pi), show a very low isotropic
temperature factor of 9.4Å2. All amino acid sidechains in
the nucleotide-binding pocket also show very little local
disorder suggesting that the ligand has a ‘crystallization’
role on the protein, as previously observed [10]. This is also
applicable to the metal ions and solvent molecules in the
catalytic site.
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Structure of the hATPase domain
This is the first reported high-resolution crystal structure of
the hATPase domain. The structure is very similar to the
constitutively expressed bATPase homologue [10,11,33].
The sequence of hATPase (residues 3–382) differs from
bATPase at 45 residues that are distributed throughout 
the sequence, but these changes are localized almost
exclusively on the protein surface (Fig. 2). Differences
between the hATPase and bATPase domains are distrib-
uted on two surfaces: 16 substitutions occur at the lower
tips of the two sub-domains (residues 2–190 and 191–383),
which are separated by the cleft, and 10 substitutions
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Table 1
Statistics of data collection and restrained refinement using X-PLOR for the native crystal of hATPase*.
Resolution shells (Å) > 3.67 3.03 2.69 2.46 2.30 2.17 2.06 1.98 1.90 1.84 overall
Number of reflections 3426 3522 3600 3591 3554 3419 3533 3552 3492 3392 35 081
Coverage (%) 89.4 94.6 97.6 97.6 97.5 93.3 97.6 97.7 96.2 94.2 95.5
(I/s) 34.3 34.2 36.1 32.0 30.4 25.5 20.8 17.8 12.0 9.6 28.3
Rsym (%)† 2.8 3.2 3.7 5.0 4.7 7.8 9.1 10.8 18.1 20.4 4.9
Working R factor (F > 2sF)‡ 16.2 15.8 18.3 19.9 21.2 24.3 23.4 25.4 29.2 29.1 20.2
Free R factor§ 19.2 19.5 18.1 20.5 21.4 25.6 26.0 25.8 31.7 27.2 21.9
*Coverage (%), I/s, Rsym, R factor, and free R factor are shown for 6.0
to 1.84 Å resolution shells. †Rsym = Σ < | I(h) – I(h′)| > / Σ I(h′), where
< | I(h) – I(h′)| > represents the average of the absolute deviation of a
reflection I(h′) from the average I(h) of its symmetry and Freidel
equivalents. ‡R factor = Σ |Fobs| – |Fcalc| / Σ |Fobs|. §Free R factor was
calculated with a random 10% (T) of the intensities evenly distributed
throughout the resolution range, working R factor was calculated with
the remaining intensities. Final model, including residues 3–382 and
415 water molecules, has bond and angle rms deviations of 0.006 Å
and 1.26°.
Figure 1
Stereo view of 2Fo–Fc electron-density maps
calculated using model phases. (a) Surface
calcium-binding site countered at 1s level, the
calcium ion is labeled ‘Ca’ in red. (b) Catalytic
site countered at 1s level, showing the ADP,
Pi, and relevant amino acid residues.
 Ca  Ca
 Ca  Ca
(a)
(b)
cluster on the surface near the N and C termini (Fig. 2). In
the structure of hATPase, two additional amino acids are
clearly visible in electron density on the N and C termini.
These amino acids protrude directly into solvent and are
only ~11Å apart. In hATPase, N-terminal residues Ala2
and Lys3 (determined by amino acid sequencing) can
extend away from the ATPase surface and can contact the
peptide-binding domain. These residues are part of a
b strand that interacts directly with the inorganic phos-
phate through Thr13 and Thr14 (see below). The C-termi-
nal a helix crosses over the b strand and contacts 
the b phosphate group of ADP through Asp366. Such an
arrangement can potentially detect a shift in the relative
position of b and g phosphates of ATP during its hydroly-
sis, and suggests a possible way of transmitting information
about g phosphate movement to the peptide-binding
domain. This hypothesis is reinforced by the observation
of Zhu et al. [35] that the N-terminal fragment of the
peptide-binding domain (residues 389–394) can assume
two distinctly different conformations in the crystal. These
conformational states may be relevant to the ATP-depen-
dent conformational change and the function of latch
mechanisms in peptide binding and release [35].
Two mutations Val7→Ile and Val18→Ile, identified in the
structure, have very little effect on the local structure of
hATPase as compared with bATPase that has valine in
both sites. Ile7 and Ile18 are part of a hydrophobic core
near the N terminus. The d methyl group of Ile7 points
into a hydrophobic cavity and makes contact with Ile9 
and Val139. Very small changes in the position of Val139
could be in part attributed to the Val7→Ile substitution.
Ile18 is in the vicinity of Ile7 and its d methyl group
makes contact with Ile29, Ala131 and carbonyl of Gly19.
These two substitutions may increase stability of this
hydrophobic region. 
The high-resolution crystal structures of hATPase (1.84Å)
and bATPase (1.70Å, PDB code 1hpm) containing ADP
and Pi were least square fitted and show a 0.36Å root
mean square (rms) deviation for all mainchain atoms. As
expected, the largest differences are observed in the loop
regions and in the regions of amino acid substitutions.
The interior of both proteins is conserved in both
sequence and structure, although some sidechains refined
with different conformations. There is a high degree of
structural similarity of both proteins consistent with a 
universal mechanism of ATP hydrolysis among all
Hsp/Hsc70 molecular chaperones [11]. The crystal struc-
tures of human and bovine ATPase domains with bound
ligand show remarkably well ordered proteins. The ATP,
ADP+Pi and ADP bound states are virtually identi-
cal ([10]; our unpublished observations). It was shown
recently for the GroEL chaperonin that minimal changes
in the structure alone can accommodate ATP [37,38]. Very
small differences between ADP and ATP bound states do
not correlate well with the suggested large conformation
change upon peptide binding and the proposed dynamic
nature of protein folding. We suggest that the transition
from one state to the other is important for the protein
conformational switch that facilitates protein folding. In
addition to protein oligomerization, conformational reorga-
nization of domains due to peptide binding or involve-
ment of other protein cofactors may be required for the
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Figure 2
Comparison of human Hsp70 ATPase
(hATPase) with bovine Hsc70 ATPase
(bATPase). Stereo view of least-square fit of
human (green) and bovine (yellow) ATPases.
Sidechains of amino acid residues that differ
in hATPase from those in bATPase are shown
in black. ADP and Pi are shown in red.
Calcium and sodium ions are shown as dots,
red and blue, respectively.
proposed allosteric long-range conformational changes to
occur [32].
This structure of the hATPase domain reveals 415 solvent
molecules (13 water molecules less than were found in the
bATPase (PDB code 1hpm)). On average, one water mol-
ecule was found per amino acid residue. Many of the
solvent molecules share the same positions in both struc-
tures, although a number of water molecules appear to
occupy different positions in hATPase. The averaged
isotropic temperature factor for all solvent molecules is
34.7Å2. The solvent forms an extensive network on the
surface of the protein that may contribute to its stability.
The cleft between the sub-domains contains a large
number of well ordered solvent molecules. The solvent
structure appears to be disrupted by hydrophobic side
chains located on the surface near N and C terminus of
hATPase; this suggests possible contact points that the
hATPase domain may have with the C-terminal domain. 
The catalytic site 
ADP is bound in the cleft between two sub-domains of
hATPase and is located within the protein body except for
the edge of adenine that is solvent exposed (Fig. 1b). The
adenine base is sandwiched between the hydrophobic
segments of two arginine residues, Arg272 and Arg342;
this arrangement is similar to the binding of L-Trp to 
trp repressor [39]. The arginine guanidinium group stabi-
lizes the solvent molecules, which are linked by hydrogen
bonds to N7 and N6 of the adenine base. Such an ADP-
binding motif has been described earlier for bATPase
[33]; a similar motif is found in actin that shares very little
sequence identity but high structural similarity with the
ATPase domain described here [40]. In the ADP-binding
site of hATPase, the ribose hydrogen bonds to Asp268 and
Lys271 and the a and b phosphates project into a protein
cavity that contains metal ions and a number of well
ordered water molecules. The b phosphate is rotated by
40° with respect to its position in the bovine homologue in
complex with magnesium and potassium ions (PDB code
1hpm). A similar rotation of the b phosphate has been
found in the crystal structure of bATPase containing mag-
nesium and sodium ions [10]. Flaherty et al. [10] attributed
this rotation to the presence of sodium ions. The structure
of hATPase contains calcium and sodium ions, confirming
that the observed rotation of the b phosphate is due to the
presence of sodium ions. A clear electron density for the
Pi group was located 4.8Å from the b phosphate of the
ADP shifted, with respect to its position in bATPase, by
0.39Å in the direction of Thr204 (Fig. 3). The Pi group is
coordinated by a salt bridge with Lys71, hydrogen bonds
to Thr13 and Thr204 and it interacts directly with a
calcium ion (Fig. 1b). A water molecule mediates addi-
tional interactions with the protein mainchain at positions
202, 203 and 204. The Pi-binding site is on the protein
face opposite the highly conserved Gly32 loop that has
been implicated in binding of nucleotide release factor
(GrpE) to the ATPase domain of DnaK [41]. There are
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Figure 3
Stereo view of a anomalous difference Fourier
map showing position of the calcium ions, as
calculated with the data between 6.0 and
1.84 Å, using model structure factors and
phases (but excluding contribution of calcium
ions). The only significant features in this map
correspond to positions of calcium ions. Map
is contoured at 3s level and calcium ions are
labeled as blue stars. Both ADP-bound (Ca1)
and loop 229–232-bound (Ca2) calcium ions
are shown in this view in red. Protein is shown
in green, ADP and free phosphate in blue and
conserved sidechains of calcium-binding
loops in purple.
potential channels for Pi exit to the protein surface.
Release of the inorganic phosphate group has been impli-
cated in the conformational transition of Hsp70 molecular
chaperone [42].
The calcium ion and two sodium ions were initially located
in the catalytic site by analogy with the structure of
bATPase [10,33]. An additional calcium ion was found on
the surface of protein and will be discussed later. The two
calcium sites represent the fourth and the fifth highest
peaks in the 2Fo–Fc map (three phosphate groups being
the highest). To confirm the positions of calcium ions in
the structure, we have calculated the anomalous difference
Fourier map (Fig. 3). This map shows only two major
peaks, corresponding to two calcium ions. The calcium ion
bound to the active site of hATPase is shifted 0.8 Å from
the magnesium ion position in bATPase. Sodium ions
moved in the same direction as calcium, 0.4 Å from the
respective position of potassium ions in bATPase. The
coordination of calcium ion in hATPase is similar but not
identical to the magnesium coordination in bATPase con-
taining ADP and Pi (PDB code 1hpm), and it is quite dif-
ferent from the calcium coordination in bATPase in
complex with the ATP analogue, AMP-PNP (PDB code
1ngi) [10]. In the bATPase structure, the magnesium ion is
coordinated by the oxygen of b phosphate, the oxygen of
Pi and four water molecules. In the hATPase structure,
calcium is in very similar position, octahedrally coordinated
by the oxygen of b phosphate (at a distance of 2.41 Å), two
oxygen atoms of Pi (2.58 Å and 2.84Å, respectively) and
four water molecules — H2O415 (2.54Å), H2O565 (2.56Å),
H2O657 (2.66Å) and H2O692 (2.68Å). This coordination
scheme may explain the observed rotation and shift of the
g phosphate. As discussed earlier, the b phosphate rotation
is consistent with the presence of sodium ions. In contrast,
coordination of calcium in bATPase in complex with
AMP-PNP involves a closer interaction with the carboxy-
lates of Asp199 and Glu175 than the oxygen atoms of b
and g phosphates [10]. Actin, which shows structural
homology to the ATPase domain, also contains calcium in
the active site [43]. In the structure of the ATP–actin
complex, calcium is bound to the b phosphate and g phos-
phate oxygens at distances similar to those observed for
hATPase. In the ADP–actin complex, calcium is bound to
b phosphate oxygen. Two aspartic acids and a glutamine
residue have an indirect role in coordinating the calcium
ion in actin [43]. The binding mode of calcium in the
ADP/Pi–hATPase complex appears most similar to the
binding of magnesium in ADP/Pi–bATPase. This observa-
tion is consistent with other data suggesting that calcium
and magnesium ions often bind to the same sites in pro-
teins with similar coordination geometry [44]. 
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Figure 4
In vitro phosphorylation of human Hsp70.
Reactions of 20 ml, containing 50 mM buffer,
50 mM KCl, 1 mM DTT, 5 mM ATP, 0.1 mCi of
32P-g-ATP, 10% glycerol, 30 pmol Hsp70 and
1 mM of divalent metal, were incubated at
37°C. The reaction was stopped by addition
of 2% sodium lauryl sulfate, samples were
loaded onto a 12% polyacrylamide gel and
run under denaturing conditions. Gels were
dried and autoradiographed. The top panel
shows reactions in the presence of MES
buffer pH 6.2 and the bottom panel shows
reactions in imidazole buffer pH 7.0.
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In the ATPase active site, the metal ions position and 
neutralize the negative charge of the phosphate group
during catalysis. Mutagenesis studies combined with X-ray
crystallographic analysis of active-site residues suggest
that conserved Lys71 is a catalytically essential residue
that affects ATP hydrolysis [45]. The proposed mecha-
nism of ATP hydrolysis suggests the role of Lys71 in
accepting a proton from the hydroxide ion or water mol-
ecule involved in in-line nucleophilic attack [10,11,25,45].
Phospho-threonine was postulated as an intermediate 
of ATP hydrolysis, but mutational studies suggest that
phospho-threonine may not be an obligatory intermediate
[23–25]. We analyzed the high-resolution structure to eval-
uate potential intermediates of ATP hydrolysis. ATP is
also hydrolyzed in the presence of calcium ions ([23,24];
our unpublished observations). In the presence of calcium
the formation of phospho-threonine was detected for two
members of Hsp70 family — DnaK and BiP [9,23–25]. We
tested whether human Hsp70 can be phosphorylated in
vitro in the presence of divalent metal ions. Figure 4
shows that all tested metal ions (Mg2+, Ca2+ and Ba2+)
support phosphorylation of human Hsp70 to some extent,
calcium being the most effective. Phosphorylation is also
observed under conditions similar to those used in crystal-
lization experiments. Magnesium ions inhibit phosphory-
lation of BiP [23,24], but in the presence of Mg2+ low level
phosphorylation is seen for human Hsp70 chaperone
(Fig. 4). However, it is important to point out that even in
the presence of calcium the level of phosphorylation is rel-
atively low. This agrees with an earlier observation of
Zylicz et al. [9] that only approximately 10% of DnaK is
phosphorylated. By analogy with DnaK and BiP, we
assume that in the presence of divalent metal ions the acti-
vated g phosphate can be transferred to Thr204. This
structurally conserved residue was suggested as a phos-
phate acceptor [23–25]. However, point mutations of
Thr199 (equivalent to Thr204 in DnaK), significantly
lowered, but did not completely abolish, ATPase activity
[25]. This suggests that an alternative sidechain can serve
as a phosphate acceptor or that the phospho-threonine is
not an obligatory intermediate in ATP hydrolysis.
The observed phosphorylation of the human Hsp70 in 
the presence of calcium suggests that the structure of
hATPase (+ Ca2+) corresponds to the state in which in vitro
phosphorylation is more favored. Small changes in the
ATPase structure caused by binding of a calcium ion
presumably alter the mechanism of ATP hydrolysis or
stabilize the phospho-threonine intermediate. Our data
suggest that these structural changes may be attributed to
differences in the ionic radii of the metal ions, with calcium
(0.99Å) ion being larger than magnesium (0.65Å) and
smaller than barium (1.35Å). Analysis of the hATPase cat-
alytic site containing a bound calcium ion provides a possi-
ble explanation for the mechanistic difference. A concerted
shift of metal ions and protein sidechains is observed in the
direction away from the b phosphate of ADP and towards
Thr204 (Fig. 5a). During catalysis, it is likely that the shift
to a new position of hydrolyzed phosphate, coordinated 
by calcium, occurs more rapidly than the relaxation of
protein structure. This would temporarily bring the acti-
vated phosphate in closer proximity to Thr204, allowing
the phosphate to be transferred to Thr204 more efficiently
in the presence of the larger calcium ion. Hence, the ques-
tion arises whether phospho-threonine is formed during
ATP hydrolysis. The structure of human ATPase shows
that the distance between the Pi-phosphorus atom and the
Thr204 g oxygen is 3.50Å, and the distance between the
phosphate oxygen and the Thr204 g oxygen is 2.60Å. This
threonine residue is in position for in-line nucleophilic
attack on the g phosphate and formation of phospho-threo-
nine. However, mutation of Thr204 does not abolish
ATPase activity completely [46]. Inspection of the posi-
tions of all relevant atoms in the catalytic site of hATPase
reveals that Thr13 appears to be structurally equivalent to
Thr204, so that both threonine residues could be involved
in phosphorylation and ATP hydrolysis (Fig. 5a). Analo-
gous distances measured from the Pi-phosphorus atom and
the phosphate oxygen to the Thr13 g oxygen are 3.58Å
and 2.61Å, respectively. Therefore, Thr13 is in position for
in-line nucleophilic attack on the g phosphate. This may
explain why a single mutation of either of the threonine
residues does not completely abolish ATP hydrolysis.
Threonine residues 13 and 204 are structurally conserved
among Hsp70 chaperones. However, mutational studies
suggest certain asymmetry in the properties of Thr13 and
Thr204. Mutation of Thr204 more strongly affects ATP
hydrolysis than mutation of Thr13, and Thr204 is a primary
acceptor of the activated phosphate during in vitro phos-
phorylation [25]. Our in vitro phosphorylation data suggest
that during ATP hydrolysis, the protein is phosphorylated
in the presence of divalent ions, but phosphorylation is
about 3–5 times faster in the presence of calcium than in
the presence of magnesium or barium ions. This is consis-
tent with the role of divalent ion in positioning of the phos-
phate group for phosphorylation. In addition, proximity 
of two threonine residues could result in hydrolysis of a
phospho-threonine intermediate (directly or through acti-
vated water molecule). More studies are needed to define
the role Lys71, Thr204, Thr13 and metal ions in ATP
hydrolysis and phosphorylation.
The second calcium-binding site 
A new calcium-binding site on Hsp70 has been deter-
mined from the electron density of hATPase. This high
occupancy calcium site was identified (at crystallization
conditions of 20mM CaCl2) in four ways: firstly, its high
electron density; secondly, by a strong peak in the anom-
alous map (Fig. 3); thirdly, by its reasonable temperature
factor (22.7Å2); and lastly, by its stereochemical similarity
to calcium sites found in other calcium-modulated pro-
teins (Fig. 5b,c).
The calcium metal ion is bound within a well defined
pocket (Figs 1,3,5 and 6). Salt bridges were formed
between the calcium ion and Glu231 (X) (2.47 Å and
2.79Å) and Asp232 (-Z) (2.89Å and 3.36Å). Calcium is
also bound to the mainchain carbonyl of His227 (-Y)
(2.38Å), stabilizing a loop on the surface of the protein. In
addition, calcium is coordinated by three water molecules
— H2O803 (Z, 2.69 Å), H2O656 (-X, 2.62Å) and H2O549
(Y, 3.99Å). This new metal-binding motif is formed at 
the junction between a b sheet (190–225) and a helix
(230–250) and is in close proximity to the catalytic site.
The nearest distance between the calcium ion and ADP
b phosphate oxygen is 12.24 Å, and between Ca2+ and
ribose 3′O is 10.72Å. The Pi is 11.54 Å from the calcium
ion. Although the separation of calcium from nucleotide
seems large, the interaction is mediated by an oriented
loop. Carbonyls 202 and 203 of the glycine-rich loop point
out toward the positively charged calcium ion. Carbonyl
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Figure 5
Calcium-binding sites. (a) Stereo view
comparison of the catalytic sites of hATPase
(green) and bATPase (yellow) show small
shifts in the position of the calcium ion (green
star) with respect to the magnesium ion
(yellow star), the Pi group and Thr204. The
purple star corresponds to the position of a
water molecule in hATPase that is occupied
by the g phosphate of an ATP analogue in the
bATPase mutant (Asp199→Asn mutation,
PDB code 1ngf) [10]. (b) Ball-and-stick
model of calcium binding to loop 229–232.
The hATPase structure (shown in yellow) was
least-square fitted onto bATPase (in light
grey). This shows the change in conformation
of hATPase upon binding of a calcium ion
(shown as a yellow sphere). Water molecules
are shown as red spheres. (c) Schematic
diagram of calcium coordination of hATPase
shown in Fig. 5b, modeled on EF hand of
calcium-modulated proteins [44]. X, -X, Y, -Y,
Z, -Z represent corners of the octahedron.
202 forms a direct hydrogen bond with the amide of 
the calcium-coordinating Glu231 and carbonyl 203 forms 
a water mediated interaction with calcium. The amide
groups of residues 202, 203 and 204 point out toward phos-
phate groups (Pi and b phosphate) of ADP. All three
amide groups are in position to form a hydrogen bond with
a nested water molecule that bridges the b phosphate of
ADP with the Pi group.
This water molecule is also found in the structure of the
ADP-containing bATPase [10]. In the structures of ATP-
containing bATPase Asp199→Asn mutant and AMP-PNP-
containing bATPase, the g phosphate occupies the position
of this nested water and interacts directly with glycine-rich
loop [10]. Although the amino acid sequence of this loop is
identical and the structure of the mainchain is very similar
to those of hATPase, bATPase does not contain a metal
ion at this site, because the Glu231 sidechain is oriented
very differently (Fig. 5b). In fact, Glu231 makes a water-
mediated contact with Asp69. Unexpectedly, the structure
of calcium-containing bATPase also does not contain a
metal ion at this site [10], perhaps because the crystalliza-
tion was done in high pH. The binding of calcium ion
causes rearrangement of several sidechains in its vicinity
(His227, Glu231, Asp232 and Asn235) and may affect the
interaction of Hsp70 with other cofactors. Calcium most
likely will contribute to stability of this region. It is also pos-
sible that other metal ions could bind to this site. Several
calcium-binding sites were found in actin. The primary
calcium-binding site is important in ATP hydrolysis and
the secondary sites have roles in the polymerization of actin
[43]. The sequence of the loop that coordinates calcium 
ion in hATPase His-Leu-Gly-Gly-Glu-Asp is completely
conserved among Hsp70, Hsc70 and Grp78. It is also found
in adenylate cyclase [47]. Grp78 and adenylate cyclase have
been shown to be regulated by calcium [5–7,48]. The bio-
logical significance of this metal-binding site in the ATPase
domains of heat shock proteins remains to be seen.
We have shown here, using high-resolution X-ray crystal-
lography, that the structure of Hsp70 hATPase is similar
to Hsc70 bATPase. We have found two calcium ion
binding sites within the ATPase domain. One calcium
binds to b phosphate of ADP and Pi, suggesting a possible
role of the metal ion in in vitro phosphorylation of Hsp70.
The other is a new generic calcium-binding site, which is
on the surface of the protein and at present, has no known
function. These results call for more detailed functional
analysis.
Biological implications
The 70kDa heat shock protein (Hsp70) is a major mol-
ecular chaperone in eukaryotes, including humans. Hsp70
participates in protein synthesis, protein folding, protein
translocation, uncoating of clathrin coated vesicles,
protein degradation and modulation of protein expression.
The molecular chaperone activity is functionally linked
with ATP hydrolysis and phosphate release. In addition,
Hsp70 proteins require metal ions for ATP binding and
hydrolysis, and for chaperone activity. The ADP-bound
state of Hsp70 shows higher affinity for polypeptides than
its ATP-bound state. ATP binding and hydrolysis by
Hsp70 affects the relative conformation of its domains 
and its interactions with other protein cofactors, thus
affecting the chaperone function of Hsp70. Human Hsp70
has two major domains: its N-terminal ATPase domain
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Figure 6
Stereo view of the hATPase structure (white
ribbon), showing ADP (yellow), sodium ions
(yellow spheres), calcium ions (red spheres)
and water molecules (blue spheres) bound to
the protein.
binds and hydrolyses ATP; the C-terminal domain is
required for polypep-tide binding and folding. Communi-
cation between the Hsp70 domains appears to be impor-
tant for its chaperone activity.
The first crystal structure of the human Hsp70 ATPase
(hATPase) domain determined at 1.84Å reported here
is similar to its constitutively expressed (Hsc70) bovine
homologue, bATPase. Differences are found in the
loops, the sites of amino acid substitution and the metal-
binding sites. The structural similarity of hATPase to
bATPase and the sequence similarity within the Hsp70
family suggest that the mechanism of ATP hydrolysis is
universal among all Hsp70 proteins. The mechanism of
ATP hydrolysis has been studied by point mutations
and X-ray crystallography of relevant mutant proteins.
These studies have determined catalytically critical
amino acid residues and have shown unexpectedly small
differences between the ADP-, ADP+Pi- and ATP-
bound states. The transmission of information from the
active site to the peptide-binding domain appears to be
critical for peptide binding and release. We suggest that
the transition from one state to the other is important 
for the protein conformational change that facilitates
protein folding. We identified residues (Thr13, Thr14
and Asp366) that are likely candidates for transmitting
the information about catalytic events in the active site
to the peptide-binding domain.
Unexpectedly, two calcium sites were identified in the
crystal structure of hATPase. The first calcium binds
within the catalytic pocket, bridging ADP and inorganic
phosphate, in a position that corresponds to the magne-
sium-occupied site in the bATPase. The second calcium,
which is not found in bATPase, is tightly coordinated on
the hATPase protein surface by Glu231, Asp232 and
carbonyl of His227. This new metal-binding motif is
formed at the junction between a b sheet (residues
190–225) and a helix (230–250) and is in close proximity
to the catalytic site. Like other chaperones of the Hsp70
family, human Hsp70 is phosphorylated in vitro in the
presence of calcium. The calcium-bound structure of
hATPase represents a state in which phosphorylation
can occur and is therefore relevant to understanding the
mechanism of ATP hydrolysis. From the crystal struc-
ture of hATPase, we propose that protein sidechains in
the catalytic site, in particular threonine sidechains, can
serve as an acceptor of the phosphate group during ATP
hydrolysis. Our structure also provides detailed informa-
tion about small but important movements of ions and
sidechains. These data are consistent with earlier muta-
tional analysis. Potentially, phosphorylation in the pres-
ence of calcium could serve as a regulatory function,
because at high calcium concentrations a fraction of the
Hsp70 chaperone molecules could become phosphory-
lated and thereby arrested in one state or inactive. 
Materials and methods
Protein purification 
Protein extracts from IPTG-induced cells were prepared at 4°C, and the
recombinant proteins were purified by a combination of anion exchange
and affinity chromatography [30]. The crude extract was loaded onto a
200 ml DEAE fast-flow Sepharose column (Pharmacia-LKB) and eluted
with a 50–350mM NaCl gradient over five column volumes. The frac-
tions, containing Hsp70 protein, were pooled and recirculated over a
20 ml ATP-agarose column (Sigma; C-8 linkage), washed with 2.0M
NaCl equilibrated to 50mM NaCl and eluted with 10ml of column
buffer, containing 10% glycerol and 50mM Mg-ATP. The Hsp70-con-
taining fractions were pooled, concentrated by ultrafiltration in a Cen-
triprep-10 (Amicon), desalted over a G-25 column and dialyzed for 4h
in 20 mM Tris (pH 6.9, at 4°C), 0.1mM EDTA and 100mM NaCl. The
protein sample was then loaded onto a 6ml ResourceQ column (Phar-
macia-LKB) and eluted with a 50–400mM NaCl gradient over five
column volumes. The fractions containing Hsp70 protein were pooled,
concentrated by ultrafiltration in a Centricon-10 (Amicon) and dialyzed
for 3 days against 20mM Tris, pH 6.9, 0.1 mM EDTA and 100mM NaCl
at 4°C. Following dialysis, the protein concentrations were determined
as an average of three measurements utilizing the BCA assay (Pierce)
relative to a standard solution of bovine serum albumin (BSA).
Crystallization 
Full length Hsp70 protein at 16mgml–1 was mixed with equal volume of
reservoir, containing 25mM imidazole buffer pH7.0, 8% PEG 8000,
20mM CaCl2 and 1mM g-S-ATP in hanging drop set-ups. Protein crys-
tals suitable for X-ray diffraction studies typically grow in four weeks at
10°C. The crystals contained a 41.9kDa proteolytic fragment consistent
with residues 2–382 of human Hsp70. The size of the polypeptide was
determined by mass spectroscopy and N-terminal sequencing of the
protein from the crystal (the WM Keck Foundation, Biotechnology
Resource Laboratory, Yale University). Crystals belong to orthorhombic
space group P212121 with unit cell parameters a=145.47Å, b=63.34Å,
c=45.95Å, a=b=g=90°, and diffract X-rays to at least 1.3Å resolu-
tion using synchrotron radiation. The solvent volume fraction in the crystal
is 45%. 
In vitro phosphorylation of human Hsp70
The phosphorylation reaction was carried essentially as described by
Zylicz et al. [9] for DnaK. Samples of 20 ml containing 50mM MES
buffer pH6.2, 50mM KCl, 1mM DTT, 5 mM ATP, 0.1 mCi of 32P-g-ATP,
10% glycerol, 30pmol Hsp70 and 1mM of MgCl2, CaCl2 or BaCl2 were
incubated at 37°C. Phosphorylation was also evaluated under buffer
conditions used in crystallization experiments (imidazole buffer pH 7.0).
The reaction was stopped by addition of 2% sodium lauryl sulfate, and
samples were loaded onto a 12% polyacrylamide gel run under denatur-
ing conditions. Gels were dried and autoradiographed. 
Data collection and processing 
The protein crystals were stabilized in hanging drops with 10% PEG
8000 at 4°C for one week and then glycerol was added at 20% of final
concentration over a period of 4 h. Crystals were washed with cryopro-
tecting solvent and flash-frozen in liquid propane at liquid-nitrogen tem-
perature. Frozen crystals can be stored in liquid nitrogen for extended
periods of time. The complete data set was collected at 120K from a
single crystal at Brookhaven National Laboratory NSLS X25 beam line
to 1.84 Å using MAR-area detector. Images were processed with
DENZO and scaled with SCALEPACK [49]. Data collection at 120K
significantly reduced X-ray damage to the crystal.
Structure determination and refinement 
Structure determination was carried out by molecular replacement
using X-PLOR, version 3.1 [36] and bATPase (obtained from the
Brookhaven Protein Data Bank, (PDB code 1atr)) was used as a start-
ing model. Structure was refined as a rigid body with program X-PLOR.
Data from 6.0 to 4.0 Å (F > 2sF) were used in this stage, yielding an
R factor of 34%. One cycle of simulated annealing with data from 5 to
2.5 Å (F > 2sF) reduced the R factor to 25.9%. The electron-density
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map was calculated and the model was adjusted manually in several
cycles, using 2Fo–Fc and Fo–Fc maps. Manual adjustments of the
model and inspection of waters located by ARP [50] were performed
on SGI Extreme color graphic workstation using version 5.10.3 of
program O [51]. The structure was further refined using the simulated
annealing slow-cooling protocol with the program X-PLOR. Final refine-
ment included all data between 6 and 1.84 Å (35 081 independent
reflections to 2s) and 3382 atoms. The final structure yielded crystallo-
graphic R factor 20.3% and free R factor 21.9% with excellent stereo-
chemistry (bond rms deviation is 0.006 Å, and angle rms deviation is
1.26°, Table 1).
Accession numbers
Atomic coordinates for the human Hsp70 structures have been
deposited with the Brookhaven Protein Data Bank.
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